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Adaptation to anemia by decreased oxygen affinity of hemo-
globin in patients on dialysis. In 16 non-acidotic anemic patients
on maintenance hemodialysis, the red cell concentrations of ATP
and 2,3-DPG were significantly elevated as compared with the
concentrations in normal subjects. Red cell 2,3-DPG concentra-
tions correlated weakly with plasma inorganic phosphate,
whereas no such correlation existed for ATP. In vitro experiments
demonstrated that the increase of red cell 2,3-DPG was followed
by a significant decrease in oxygen affinity of hemoglobin. P50
a measure of the oxygen affinity of hemoglobin, correlated well
with erythrocyte 2,3-DPG. Contrary to the findings in non-
acidotic patients, a small group of patients in metabolic acidosis
had low 2,3-DPG levels and failed to demonstrate a shift of their
oxygen hemoglobin dissociation curve (corrected to a pH of 7.4).
The 2,3-DPG-dependent decrease in affinity of hemoglobin for
oxygen will facilitate the delivery of oxygen to tissue. This may
in part explain the absence of symptoms from anemia in well
dialyzed patients and may represent one of the factors that is
favorably influenced by dialysis.
Adaptation a l'anémie par diminution de l'affinité pour l'oxygene
de l'hémoglobine chez des malades soumis au traitement d'entretien
par dialyse. Chez 16 malades anémiques soumis au traitement
d'entretien par hémodialyse, les concentrations cI'ATP et 2,3-
DPG des globules rouges ont augmenté de facon significative par
comparaison avec des sujets normaux. Le 2,3-DPG s'est trouvé
faiblement relié au phosphate inorganique du plasma, alors
qu'aucune correlation n'existait pour I'ATP. Des experiences in
vitro ont révélé que l'augmentation en 2,3-DPG du globule rouge
était suivie d'une diminution importante de l'affinité pour
l'oxygéne de l'hemoglobine. II existait une forte correlation entre
P50. mesuré de l'affinité pour l'oxygene de l'hemoglobine et
l'érythrocyte 2,3-DPG. Contraiment aux découvertes faites chez
les malades non-acidosiques, un petit groupe de malades a
acidose metabolique avait un niveau peu élevé de 2,3-DPG et ne
démonstrait pas de chargement dans leur courbe de dissociation
oxygéne-hémoglobine. La diminution due au 2,3-DPG de l'affi-
nité de l'hemoglobine pour l'oxygene facilitera l'effet d'oxygene
aux tissus. Ceci pouvait expliquer en partie l'absence de sym-
ptomes d'anémie chez de malades correctement traités par Ia
Received for publication September 14, 1971;
accepted in revised from December 30, 1971.
© 1972, by the International Society of Nephrology.
263
dialyse et pouvait représenter l'un des facteurs sur lesquels Ia
dialyse a une influence favorable.
Nephrogenic anemia like any other form of anemia
is of importance because of its contribution to a reduced
oxygen-carrying capacity and the consequent risk of
insufficient tissue oxygenation. Contrary to patients
with end-stage renal failure who are managed conser-
vatively, the majority of patients on maintenance dia-
lysis are in a reasonable state of health. Since many
centers have abandoned the policy of regular trans-
fusions in order to maintain a certain hemoglobin
concentration, it has become clear that such patients
can tolerate a remarkable degree of anemia without
the appearance of incapacitating symptoms [1, 2].
Obviously they must be able to utilize some compen-
satory mechanism. It is only in the last few years that
an important intrinsic regulatory mechanism for trans-
port and delivery of oxygen (02) has been described in
the erythrocyte. In 1967 Benesch and Benesch [3] and
Chanutin and Curnish [4] showed that the organic
phosphate esters, 2,3-diphosphoglycerate (2,3-DPG)
and to a lesser extent adenosine-triphosphate (ATP)
had a profound influence on 02-binding by hemoglobin.
Increasing concentrations of these phosphate esters
induced a shift of the 02-hemoglobin dissociation
curve to the right, indicating a reduced affinity of
hemoglobin for 02 and thereby facilitating the delivery
of 02 at low 02-pressure, i.e., in tissue. This effect is
accomplished by the binding of 2,3-DPG to deoxy-
genated hemoglobin, thus impeding the uptake of 02
by hemoglobin. In several conditions associated with
impaired tissue oxygenation such as cardiac and re-
spiratory insufficiency, certain anemias and exposure
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to high altitude, an adaptive increase of red cell
2,3-DPG content and a decreased 02-affinity of hemo-
globin have been demonstrated (5—10). An increased
erythrocyte 2,3-DPG content has been observed in
patients with nephrogenic anemia on maintenance
dialysis, and in a very small number of such patients
in vivo 02-hemoglobin dissociation curves were ob-
tained and showed a displacement to the right [11].
Although in vivo 02-hemoglobin dissociation measures
the effect of various 02 tensions on whole blood in its
natural surroundings, it is a complex process which
reflects the simultaneous influence of numerous bio-
logical and methodological factors. The present studies
were performed to eliminate some of these influences
and to extend our investigations to a larger number of
patients. It is the purpose of this communication to
describe the extent and circumstances under which
dialysis patients may adapt 02 transport and tIssue
oxygenation to the condition of anemia.
Methods
Sixteen non-acidotic patients were investigated. They
were hemodialyzed twice-weekly for end-stage renal
failure using coil dialysers (Ultraflo-100 or EX-Ol
cartridges) in a recirculating single-pass system. All of
them were partially or fully rehabilitated. All patients
were anemic, their hemoglobin concentrations ranging
from 5.3 to 10.8 g/lOO ml with the exception of one
female patient with a normal value of 13.0 g/100 ml.
Four additional patients with progressive renal failure
and anemia were chosen for study because of the
presence of metabolic acidosis. Two of them were
dialyzed at weekly and fortnightly intervals, respec-
tively, and two were managed conservatively. No
patient received blood transfusions. Blood samples
were drawn immediately before dialysis. The group of
normal controls consisted of hospital staff who ex-
hibited apparent good health and had normal hemo-
globin concentrations.
2,3-DPG was measured using the phosphoglycero-
mutase method of Krimsky [12] as modified by Schrö-
ter and Heyden [13] and ATP was determined by the
enzymatic method of Lamprecht and Trautschold [14].
Results were expressed in gsmoles per loll erythrocytes
(Ec). Erythrocyte counts were done with a Coulter
counter. Plasma inorganic phosphate was determined
according to Fiske and Subbarow, as modified by
Richterich [15].
In vitro 02-hemoglobin dissociation. Whole blood
hemoglobin as well as oxygen saturation of hemoglobin
(S02) was determined spectrophotometrically with an
IL CO-Oxymeter, model 182. pH was measured with a
Radiometer micro-electrode in combination with a pH-
meter (BMS-1, PHM-71, Radiometer, Copenhagen).
Immediately after sampling, hemoglobin concentration
and whole blood pH were measured. Samples with
lowered hemoglobin concentrations were then cen-
trifuged for five minutes at 1800 RPM and sufficient
plasma was removed to yield a final whole blood hemo-
globin concentration in the normal range (13.5 to
17.0 g/100 ml). This was done because it has been
shown with hemoglobin solutions that hemoglobin
affinity for 02 decreases with increasing hemoglobin
concentration [16]. Blood samples (1.2 ml) were placed
in Godart twin-tonometers and were equilibrated at
370 C for 30 mm with humidified gas mixtures of the
following composition: nitrogen plus 3.1% 02, 5.0%
C02; 4.3% 02, 5.1% C02; 6.25% 02, 5.25% CO2
(using these 02 concentrations it is possible to represent
the middlle part of the 02-hemoglobin dissociation
curve). The gas mixtures were analysed according to
Haldane and P02 was calculated according to the for-
mula: (manometric pressure — 47) x %02. Immedi-
ately after equilibration, hemoglobin concentration,
S02, CO-hemoglobin and pH were measured. P02 was
corrected to a pH of 7.40 using the Severinghaus nomo-
gram [17]. Tn eight of ten normal subjects and 12 of
16 patients, CO-hemoglobin concentrations were low
(0.8 to 2.5%); moderate smokers with higher CO-
hemoglobin concentrations (3.9 to 7.2%) were equally
represented among controls and patients. The data
were also calculated with appropriate correction for
CO-hemoglobin which resulted in only minor changes
and had no effect on the final interpretation of the
results. For this reason and in order to avoid another
correction factor which is based on theoretical assump-
tions [18], it was decided not to make any correction
for the presence of CO-hemoglobin. The data were
plotted logarithmically according to the Hill equation
[18]:
or
Y
—
P02nloo—Y —
p50
Y po2log
=nlog—-—,50
where Y is the % saturation of hemoglobin, P02 is the
partial pressure of 02 for each separate equilibration
(in cm Hg), P50 is the P02 at which hemoglobin is half-
saturated, and n (" Hill's n ") represents a measure of
heme-heme interaction. P50 is an inverse measure of
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oxygen affinity; it was determined graphically and by Results
retransformation expressed in mm Hg. Non-acidotic patients. Despite the fact that blood
Standard procedures were used for all of the statisti- samples were drawn prior to dialysis, pH values were
cal analyses. The regression lines were calculated with within the normal range and they did not differ from
the aid of a computer. those of healthy control subjects.
Table 1. Organic phosphates and 02-hemoglobin dissociation in healthy controls
Subject Hemoglobin
g/100 ml
2,3-DPG
pmoles/1O11Ec
ATP
pmoles/1O11Ec
P50
mm Hg
n pH
B.W. 15.1
P.H. 14.7
B.A. 13.6
P.c. 14.7
F.W. 14.9
E.H. 15.1
W.E. 14.5
W.S. 14.6
G.H. 15.3
F.H. 16.3
26.1
33.0
41.1
34.3
40.4
38.1
37.7
35.6
37.1
32.4
16.1
—
14.5
18.2
17.6
—
15.4
14.5
19.2
18.8
24.5
23.7
25.1
25.2
24.6
24.0
25.0
25.6
24.6
23.9
2.69
2.91
2.74
2.67
2.04
2.59
2.66
2.79
2.83
2.62
7.41
7.38
7.35
7.36
7.39
7.35
7.37
7.39
7.34
7.34
Mean 14.9 35.6 16.8 24.6 2.65 7.37
Abbreviations: Ec=erythrocytes; n= "Hill's n".
Table 2. Organic phosphates and 02-hemoglobin dissociation in non-acidotic patients
Patient Hemoglobin 2,3-DPG ATP P50 n pH
g/100 ml pmoles/lO11Ec pmoles/lO" Ec mg/100 ml mm Hg
S.G. 6.1 41.6 25.7 3.9 26.1 2.74 7.40
B.F. 5.3 71.0 34.9 7.7 29.2 2.84 7.40
D.L. 5.5 37.9 29.8 6.3 25.6 2.83 7.40
E.W. 5.9 68.3 20.0 6.0 29.2 3.37 7.41
MV. 7.9 52.0 26.6 6.5 28.5 2.81 7.32
KM. 10.0 48.3 18.4 5.8 26.0 2.10 7.34
M. H. 5.2 49.8 36.7 5.1 27.5 2.89 7.42
T.J. 5.6 56.5 29.5 4.9 26.8 3.23 7.41
B.E. 10.8 55.5 25.0 5.1 27.2 2.49 7.38
R.R. 7.1 66.1 30.6 9.7 28.6 2.69 7.43
D.M. 8.0 59.5 32.4 5.8 29.1 2.72 7.33
W.F. 7.8 41.7 35.1 5.1 28.0 2.61 7.34
Ri.R. 6.6 59.1 37.0 8.7 29.5 2.70 7.34
Z.E. 8.0 55.1 25.5 8.5 28.5 2.72 7.34
Ru.R. 13.0 62.2 22.5 6.3 29.3 2.59 7.36
L.R. 10.8 41.7 14.9 3.2 27.6 2.66 7.40
Mean 7.7 54.1 27.8 6.2 27.9 2.75 7.38
±2sD ±4.6a ±20.6a ±13.3a ±3.5 ±2.5a ±0.56 ±0.073
a Significant difference from normal, P<0.00l.
Abbreviations: P04= plasma in organic phosphate; n="Hill's n".
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The average red cell 2,3-DPG concentration of the
16 dialysis patients was 54.1 20.6 tmo1es/l011 ery-
throcytes (mean 2 SD), a value significantly higher
than that observed in ten normal subjects (35.6±8.8
.tmoles/10'1 erythrocytes; P<0.00l). Similarly, red cell
ATP was significantly elevated in this group of patients
as compared with the control group (27.8±13.3 vs.
16.8±3.4, P<0.00l; Tables 1 and 2).
Comparison of 2,3-DPG concentrations with plasma
inorganic phosphate revealed a positive correlation
(2,3-DPG = 33.06+ 3.42 phosphate, r =0.59, P <0.02;
Fig. 1); in contrast, red cell ATP did not correlate
significantly with the plasma concentration of inor-
ganic phosphate (ATP= 18.79+ 1.46 phosphate, r=
0.38, P>0.l; Fig. 2).
The 02-hemoglobin dissociation points of the control
subjects fell within a very narrow range with a close
correlation between P02 and S02 (r==0.99, P<0.001;
Fig. 3). The area enclosing 95 % of the values was taken
to define the normal range. P50 was 24.6±1.2 mm Hg
and "Hill's n" was 2.65, a value to be expected for the
range studied [18]. In the non-acidotic patients a
similar correlation between P02 and S0, was found
(r=0.98, P.<0.001). The regression line was parallel to
I I I
I I I
2 4 6 8
Inorg. P (mg/100 ml)
10 12
Fig. 1. Relation between plasma inorganic phosphate and red cell
2,3-DPG in 16 non-acidotic patients. A weak positive correlation
is present.
0.2 0.3 0.4 0.5
log P02 (cm Hg)
0.6 0.7
Fig. 3. 02-hemoglobin dissociation in ten healthy controls. The
broken line represents the regression line, the solid lines enclose
the area of 95% confidence and represent the normal range
(y=—1.108+2.835 x).
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Fig. 2. Relation between plasma inorganic phosphate and red cell
ATP in 16 non-acidotic patients. A correlation could not be
established.
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log P02 (cm Hg)
Fig. 4. 02-hemoglobin dissociation in 16 non-acidotic patients. The
broken line represents the regression line (y= — 1.229+ 2.794 x);
a significant shift to the right of the normal range (shaded area)
is demonstrable.
22 24 26 28 30
P50 (mm Hg)
Fig. 5. Relation between affinity of hemoglobin for 02 expressed
as P50 and red cell 2,3-DPG concentration. A close correlation is
present.
Table 3. Organic phosphates and 02-hemoglobin dissociation in patients with metabolic acidosis
Patient Hemoglobin
g/lOO ml
2,3-DPG
pmoles/1O"Ec
ATP
pmoles/1O"Ec
P50
mm Hg
n pH
L. B. 7.5 27.2 43.4 25.0 2.99 7.28
R. F. 8.7 36.7 28.9 26.6 2.70 7.30
B.H. 8.4 20.5 30.9 22.0 2.74 7.22
T.W. 8.4 26.3 34.1 25.3 2.71 7.24
Mean 8.2 27.7 34.3 24.7 2.78 7.26
sn l.Oa l3.8b 12.8a
a Significant difference from normal, P<0.00l.
b Significant difference from normal, P<0.05.
Abbreviations: n="Hill's n".
that of the normal values, but a highly significant shift
to the right could be demonstrated (y=0.l392, P<
0.001; Fig. 4). Correspondingly the P50 values were
significantly elevated above the normal range (27.9±
2.5 mm Hg, P <0.001; Table 2).
Patients with metabolic acidosis. Contrary to non-aci-
dotic patients this group had slightly lower 2,3-DPG
levels than normal subjects, the difference barely
.
S
60 S.
. S
S
00 S •.
0 00o000
0
LI
40
20Non-acidotic patients////0.6
0.4
0.2
0
—0.4
I.
0 Normals
• Non-acidotic patients
L Acidotic patients
/
0
c/DO0
/
reaching statistical significance (27.7± 13.8, Pczo.05).
Mean ATP concentration on the other hand was higher
than in non-acidotic patients although the difference
did not reach statistical significance. The 02-hemoglobin
dissociation points of these cases were situated in the
normal range from which they did not differ signifi-
cantly (Table 3).
When P50 values of all subjects (patients and normals)
were plotted against 2,3-DPG concentrations, a good
06 correlation was found (DPG= —108.12+ 5.78 P50,•
r=0.87, P<0.00l, Fig. 5).
Discussion
The position of the 02-hemoglobin dissociation
curve can be influenced by several factors. Acidosis
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induces a shift to the right while alkalosis induces a shift
to the left (Bohr effect). Of equal importance is the
regulation of 02 affinity of hemoglobin by organic
phosphate, especially 2,3-DPG [191. Recent reports
have directed considerably attention to the effect of
this substance. Several conditions have been studied
which influence the intraerythrocytic concentration of
2,3-DPG, i.e., hemoglobin levels [8, 20], plasma in-
organic phosphate [21—23] and acidosis [24—26]. It
seemed possible that some of these factors might be of
importance in patients with renal insufficiency and
thus exert an effect upon 02 transport in this condition.
The present results indicate that the red cell con-
centrations of 2,3-DPG and ATP are both elevated
significantly in non-acidotic anemic patients with
chronic renal failure on maintenance dialysis. This con-
firms our earlier findings, in which a different group of
dialysis patients exhibited almost the same average
values [1 1], In non-renal forms of anemia, a similar
increase in 2,3-DPG concentration has been demon-
strated [5, 9], and a low hemoglobin concentration may
be one of the factors influencing the synthesis of
2,3-DPG [27]. It has been pointed out that apart from
low hemoglobin levels, other factors also affect red cell
2,3-DPG concentration. Some importance has been
attributed to red cell age by Desforges et al [28], but
Brewer and Eaton [27] were unable to demonstrate a
consistent influence of red cell age on the 02-dissocia-
tion curve. This is of special importance in nephrogenic
anemia because of the hemolytic component and the
young erythrocyte population present in these patients.
Previous studies [2 1—23] have pointed out the im-
portance of plasma inorganic phosphate levels to the
red cell concentration of organic phosphates. A positive
correlation was described between ATP and, to a lesser
extent, 2,3-DPG, and the concentration of plasma
inorganic phosphate in uremic subjects. Similar find-
ings have been published by Travis et al [29] in patients
on intravenous hyperalimentation with hypophos-
phatemia or normal serum inorganic phosphate levels.
Our findings concerning 2,3-DPG and plasma inor-
ganic phosphate are in agreement with these previous
studies (21—23, 29], but we observed no correlation
between red cell ATP and plasma inorganic phosphate
concentration. It is striking that in another paper
dealing in part with dialyzed patients, Torrance et al [8]
were also unable to demonstrate a correlation for
either ATP or 2,3-DPG. Whereas patients with normal
renal function and low or normal serum inorganic
phosphate may not be comparable to patients with
renal insufficiency and hyperphosphatemia, the reason
for the difference between the findings of Lichtman and
co-workers [21—23, 29] on the one hand and those of
Torrance et al [8] as well as our own on the other, is
not evident. One might speculate that the process of
dialysis that causes repeated fluctuations of plasma
inorganic phosphate had some influence in this respect.
It is also remarkable that our acidotic patients with
renal insufficiency had high red cell ATP concentra-
tions, whereas in subjects with normal renal function
the formation of 2,3-DPG is favored over that of ATP
[29]. Nevertheless a definite conclusion cannot be made
from the available data. Additional studies on this
point are in progress. It was expected that an increase
in red cell 2,3-DPG concentration would lead to dis-
placement of the 02-hemoglobin dissociation curve.
a measure of the position of the 02-dissociation
curve, correlated well with red cell 2,3-DPG concentra-
tion. This finding agrees completely with the work of
other authors [10, 29].
In non-acidotic dialysis patients a highly significant
shift of the dissociation curve to the right was found,
indicating a decrease in 02-affinity of hemoglobin.
According to the generally accepted interpretation
[5, 7—9, 19, 25], this will result in an improvement of 02
delivery to tissues in vivo. This mechanism may in part
compensate for the presence of the reduced 02-carrying
capacity of anemia in our patients. However, one
must remember the fact that in our in vitro studies
hemoglobin concentrations were adjusted to a normal
range for comparison with the control subjects. Hemo-
globin concentration itself has been shown to affect
the 02-affinity of hemoglobin [16], and one may there-
fore wonder to what extent the present experimental
conditions apply to the in vivo situation. In any case it
seems reasonable to assume that tissue oxygenation
will be better in the presence of the observed increase
in red cell 2,3-DPG than without it. It is interesting
that Desforges et al [28] in a study of undialyzed
patients with renal insufficiency were unable to demon-
strate a systematic elevation of red cell 2,3-DPG. They
noted that none of the patients with metabolic acidosis
had elevated values. This finding is in agreement with
the recent work of Astrup, Rörth, and Thorshauge [24]
and Rörth [261 who showed that the intraerythrocytic
level of 2,3-DPG is strongly dependent on intraerytliro-
cytic pH, and that it decreases with falling pH values.
The important influence of acid-base balance on red
cell organic phosphates was also evident in our small
group of patients with metabolic acidosis. Although
these patients exhibited the same degree of anemia as
did those who were non-acidotic, none of them showed
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an elevation of erythrocyte 2,3-DPG. In fact, it was
even slightly lower than in normal subjects. Con-
comitantly, the 02-hemoglobin dissociation curve, as
corrected for pH, was not displaced to the right despite
the higher increase of ATP in this group, which obvi-
ously did not measurably influence the position of the
dissociation curve. Therefore it seems likely that the
difference between our results and those of Desforges
et al [28] can be readily explained on the basis of the
difference in acid-base status of the patients. Similar
conclusions have been drawn in a recently published
paper [30]. Acidosis itself will also induce a reduction
of 02-affinity of hemoglobin by the Bohr effect. How-
ever, compared with non-acidotic patients on dialysis,
conservatively managed patients with metabolic aci-
dosis are still in a worse condition due to the additional
respiratory work necessary in order to compensate in
part for the acidosis. In this respect it seems important
to point out that abrupt correction of metabolic
acidosis in anemic patients may jeopardize tissue oxy-
genation. It will counteract the Bohr effect immediately
whereas 2,3-DPG synthesis, which requires several
hours [27], is likely to lag behind.
Well dialyzed anemic patients with renal insuffi-
ciency present a normal blood pH. They exhibit elevated
intraerythrocytic 2,3-DPG (and ATP) concentrations
which effect a decrease of 02-affinity of hemoglobin
and thus may facilitate the delivery of 02 to tissue.
This phenomenon may represent an important adaptive
mechanism which explains at least in part the relative
paucity of symptoms due to anemia in such patients,
and which may be one of several factors that are
favourably influenced by dialysis treatment.
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